Hydroxyapatite (HA) coatings on titanium (Ti) substrates have attracted much attention owing to the combination of good mechanical properties of Ti and superior biocompatibility of HA. Incorporating silver (Ag) into HA coatings is an effective method to impart the coatings with antibacterial properties. However, the uniform distribution of Ag is still a challenge and Ag particles in the coatings are easy to agglomerate, which in turn affects the applications of the coatings. In this study, we employed pulsed electrochemical deposition to co-deposit HA and Ag simultaneously, which realized the uniform distribution of Ag particles in the coatings. This method was based on the use of a well-designed electrolyte containing Ag ions, calcium ions and L-cysteine, in which cysteine acted as the coordination agent to stabilize Ag ions. The antibacterial and cell culture tests were used to evaluate the antibacterial properties and biocompatibility of HA/Ag composite coatings, respectively. The results indicated the as-prepared coatings had good antibacterial properties and biocompatibility. However, an appropriate silver content should be chosen to balance the biocompatibility and antibacterial properties. Heat treatments promoted the adhesive strength and enhanced the biocompatibility without sacrificing the antibacterial properties of the HA/Ag coatings. In summary, this study provided an alternative method to prepare bioactive surfaces with bactericidal ability for biomedical devices.
INTRODUCTION
Biomedical devices and implants have been widely used to save lives and to improve the quality of life of human beings over the past decades. However, the problems of bacterial infections related to biomedical devices and implants persist despite considerable research and development efforts [1] [2] [3] . A possible solution that could prevent bacterial infections is to modify the implant surfaces with antibacterial coatings while maintaining good biocompatibility [4] . Titanium and titanium alloys have excellent mechanical strength, good corrosion resistance and biocompatibility and have been widely used for producing implants and biomedical devices, such as hip joint prostheses, knee joint prostheses and dental implants [5] . Titanium implants with bioactive calcium phosphate (Ca-P) coatings, especially hydroxyapatite (HA) coatings, are commonly used in clinics because they are able to generate good osteointegration with bone tissue for Ti implants [6] . However, Ca-P coatings may also raise affinity to bacteria together with their osteoconductivity. It was reported that Ca-P-coated devices were at a higher risk for peri-implantitis than non-coated devices [1, 7] . The bacterial infections of Ti implants are usually difficult to treat and may lead to necessary medical antibiotic therapies, and even implant removal. It is imperative to develop coatings that provide excellent antibacterial activity and osteointegration simultaneously [8] .
One strategy is to load antibiotic agents into HA coatings on Ti implants. Radin et al. [9] loaded vancomycin into the Ca-P coatings by immersion of Ca-P-coated discs in vancomycin-containing simulated physiological solution. Campbell et al. [10] employed a surface-induced mineralization technique to produce chlorhexidine-incorporated HA coatings on external fixation pins. Alt et al. [11] applied gentamicin coatings both on pure HA and HA-Arg-Gly-Asp coatings using an ink-jet technology and found that antibiotic-contained HA coatings significantly reduced the infection rates in an in vivo model. Stigter et al. [12, 13] used a biomimetic co-precipitation technology to incorporate various antibiotics into HA coatings on Ti substrates, including cephalothin, carbenicillin, amoxicillin, cefamandol, tobramycin, gentamicin and vancomycin. Although the antibiotic-HA coatings exhibit significant improvement in infection prophylaxis compared with conventional HA coatings, it remains a challenge to produce antibiotic-laden coatings with a relatively long antibiotic delivery time at an effective concentration. The long-term antibacterial efficacy of antibiotic-HA coatings needs to be further studied [1] .
Incorporating silver into Ca-P coatings is an alternative method to impart Ca-P coatings with antibacterial properties. The use of silver has recently become one of the convenient methods to confer antibacterial properties on biomaterials and medical devices [14] . Silver has long been known to have strong inhibitory and bactericidal effects as well as a broad spectrum of antimicrobial activities [15] [16] [17] . It also exhibits high thermal stability and low toxicity towards mammalian cells [18, 19] . There are several methods to introduce Ag into Ca-P coatings, such as plasma spraying [20, 21] , ion beam-assisted deposition [22] , magnetron sputtering [23] , micro-arc oxidation [24] and sol -gel technology [25, 26] . The first three methods are line-ofsight technologies and cannot be applied to the medical devices with a complex shape; the last two methods have the problem of controlling the distribution of Ag in the coatings. Electrochemical deposition (ED) is one of the promising methods to prepare Ag-loaded Ca-P coatings. ED becomes a popular coating method owing to its ease of processing control, variability of the coating composition and suitability for complex implant geometries [27, 28] . Liu et al. [29, 30] produced HA/Ag composite coatings using ED by adding silver powder in the electrolyte. They also tried to deposit Ca-P coatings on Ti surfaces and subsequently electroplate silver on the surfaces of Ca-P coatings in nicotinic acid bath [29, 30] . However, the uniform distribution of Ag in coatings is still a challenge since Ag particles in the coatings are ready to agglomerate, which undermines applications of the coatings.
Recently, we demonstrated the possibility of codepositing HA and Ag simultaneously by pulsed electrochemical deposition (PED), which generated a uniform distribution of Ag particles in the coating [31] . This method was based on the use of a welldesigned electrolyte containing Ag ions, calcium ions and L-cysteine (Cys, HSCH 2 CH(NH 2 )COOH), in which Cys worked as the coordination agent to stabilize Ag ions. This paper presents our study on investigating the effects of doped Ag on the antibacterial properties/ biocompatibility of the coatings and the effects of heat treatments on the coating properties. The mechanism of the PED method is also discussed.
MATERIAL AND METHODS

Pre-treatment of Ti specimens
Commercial pure titanium (CP Ti, Baoji Special Iron and Steel Co. Ltd, China) was cut to make plates with the dimension of 10 Â 10 Â 1 mm. Before ED, the specimens were etched in a mixed acid (volume ratio of H 2 SO 4 : HCl : H 2 O ¼ 1 : 1 : 1) at 608C for 2 h to remove natural oxide layers and increase surface roughness. These specimens were washed in distilled water by ultrasonic cleaning for 15 min. Then they went through alkali treatments to increase hydrophilicity, which was performed by immersing specimens in 100 ml of 5.0 mol l 21 NaOH aqueous solution at 608C for 24 h [32] . Finally, the specimens were washed with distilled water and dried in air.
Preparation of HA/Ag composite coatings
The HA/Ag composite coatings were prepared by PED, which was conducted in the cell that had three electrodes: a Ti plate as the working electrode, a platinum plate as the counter electrode and a saturated calomel electrode as the reference electrode. The PED was conducted with a pulse width of 100 s at different potentials: 21.3, 22.0, 23.5 and 24.0 V. The cell was kept in a water bath at a constant temperature (408C 3 and cysteine into the electrolyte. In the present study, electrolytes with the Ag þ concentration of 0, 0.5 and 1 mmol l 21 were prepared and the ratio of Ag þ /cysteine in the electrolyte was kept as 2 : 1. Hereafter, these coatings are referred to as HA, 0.5 HA/Ag and 1 HA/Ag, respectively. The pH value of electrolytes was adjusted to 4.0 using ammonia and nitric acid. After deposition, the Ti plates with coatings were rinsed with deionized water and dried in air at 608C for 3 h. Finally, the specimens went through heat treatments at one of designated temperatures (7008C, 8008C and 9008C) for 2 h in a furnace at a ramp speed of 58C min 21 and then cooled in the furnace.
Characterization
Scanning electron microscopy (SEM; Quanta 200, FEI, The Netherlands; JSM 6390, JEOL, Japan) with an X-ray energy dispersive spectrometer (EDS) was used to examine the morphology and composition of the HA/Ag composite coatings. A thin layer of gold (approx. 100 Å ) was coated on the specimens to increase conductivity by a sputter coater (K575X, Emitech, UK). During EDS characterization, the accelerated voltage was 15 kV and the working distance was 17 mm. The detected energies ranged from 0 to 20 keV and the dwell time was 3 -4 min. A thin-film X-ray diffractometer (TF-XRD; X' pert pro-MPD, PANalytical, The Netherlands) was used to identify the crystalline phases of the coatings. The TF-XRD measurements were performed using a Cu-Ka (wavelength ¼ 1.54056 Å ) X-ray source with a scanning rate of 0.0668 s 21 and a scanning range of 20-808.
Adhesive strength testing
The tensile adhesive strength of the coatings was evaluated using a universal mechanical testing machine (Model 5567, Instron, USA). One side of the sample was fixed on the stage of the testing machine and the other side was glued to a cylindrical stub that was connected to the crosshead through a grip. The glue was cured for 48 h at room temperature before the tensile testing. A tensile load at the crosshead speed of 1 mm min 21 was applied to the coatings until failure occurred. The adhesive strength was calculated as the load at failure divided by the coated area bonded to the stub. The reported adhesive strength of the coatings was the average value of five specimens.
Evaluation of antibacterial activity
The spread plate method was used to qualitatively analyse the antibacterial activity of HA/Ag coatings. Two types of bacteria, Escherichia coli and Staphylococcus albus, were used in antibacterial experiments. E. coli is Gram-negative, whereas S. albus is Gram-positive. Firstly, a bacterial suspension with the concentration of 1 Â 10 8 cells ml 21 E. coli or S. albus was prepared by mixing bacteria in LB culture medium and phosphate buffer solution (PBS). Then, Ti plates with HA/Ag coatings were placed in flatbottom test tubes with 10 ml of bacterial suspension. Each tube was shaken at 200 r.p.m., at 368C, for 12 h. At the same time, 15 ml of the molten yeast extract tryptose agar was poured in a Petri culture dish and left undisturbed for the agar to solidify. Then, 100 ml of the shaken bacterial suspension was inoculated on agar and incubated at 368C for 12 h in an incubator. The colony formation of bacteria was examined and photographs were taken. The pure HA coating without Ag was tested in the same way as a control.
The film-adhering method was performed to quantitatively analyse the antibacterial activity of the HA/Ag coating. HA/Ag coatings with different Ag contents and pure HA coatings were selected as the experimental groups and the contrastive group, respectively. First, these specimens were put in a culture dish that contained solidified nutritional agar. Subsequently, each of the above mentioned bacterial strain was adjusted to a concentration of 1 Â 10 6 cells ml 21 with PBS. Bacterial suspension of two bacterial strains (50 ml) was added onto Ti plates. Then the plates were incubated at 368C for 12 h in an incubator. After that, bacteria on the plates were transferred into 10 ml of sterilized PBS and stirred for 5 min. Fifty microlitres of the diluted bacterial suspension was seeded onto a culture dish with yeast extract tryptose agar and incubated for 12 h. Finally, the bacteria in each group were counted through colony-forming units (CFUs) and bactericidal ratios were calculated according to equation (2.1). The tests were performed in triplicate.
Bactericidal ratio ð%Þ ¼ CFUs of contrastive group À CFUs of experimental group CFUs of contrastive group Â 100% ð2:1Þ
Evaluation of biocompatibility
The biocompatibility of HA/Ag coatings was evaluated by culturing osteoblasts on them. Osteoblasts (SD rat) were cultured in a-MEM (Thermo Fisher Scientific, USA) culture medium with 15 per cent (v/v) foetal bovine serum (FBS, Yuan Heng Sheng Ma, China) and incubated at 378C in a humidified atmosphere consisting of 95 per cent air and 5 per cent CO 2 . Cells were seeded onto HA/Ag samples and cultured in a 24-well plate. During cell culture, 3.0 Â 10 4 viable cells were added to each substratum (1 ml each well) and the medium was refreshed every 2 days. After incubation for 1, 3 or 7 days, the samples were rinsed with PBS, transferred to a buffer solution of 2.5 per cent glutaraldehyde ( pH 7.4) for 2 h to fix the cells, then dehydrated in a graded ethanol series, followed by vacuum drying for 12 h and sputter-coating with gold prior to SEM analysis.
The proliferation of cells was evaluated by the Alamar Blue assay. The assay is based on detection of the metabolic activity of the cells, which chemically reduces the Alamar Blue and causes it to change colour from blue to red. The assay was performed after culture periods of 3 and 7 days. At each interval, the culture medium in the 24-well plate was replaced by 300 ml of Medium 199 (M199) without phenol red, with 10 per cent (v/v) serum and 10 per cent (v/v) Alamar Blue (BioSource, CA, USA). The cells were incubated under standard cell culture conditions for 4 h. Then the optical absorbance of the medium was read at 600 and 570 nm against a medium blank with Alamar Blue in an ELISA Reader (MQX200, BioTEK, USA). The value of (OD 570nm,cells -OD 600nm,cells ) 2 (OD 570nm,blank -OD 600nm,blank ) was recorded and presented as the cell activity. We tested three samples in each case and repeated the assay two times.
RESULTS
Formation of Ag-containing coatings
XRD analysis demonstrated that the coatings prepared under different potentials were composed of HA and Ag (figure 1). The diffraction peaks of Ag were distinct, which indicated that Ag was well crystallized under this condition. The morphology of the HA/Ag coatings was revealed by SEM micrographs (figure 2). When the potential was 21.3 V, the coating was mainly composed of needle-like crystals and Ag could not be observed on the surface directly. When the potential was 22.0 V, the coatings had porous network structures that were formed by needle-like crystals. White spot-like Ag figure S1 ). When the potentials were 23.5 and 24.0 V, the Ag nanoparticles were more distinct. The thickness of the coatings was 30 mm, as revealed by the cross-sectional SEM micrograph of the coatings (electronic supplementary material, figure S2 ). EDS line profile analysis was conducted in order to investigate Ag distribution in the film. The SEM electron beam was scanned along a line across the cross-section of the coatings. The results proved that Ag was uniformly distributed in the film. The tensile adhesive strengths of coatings were 8.4 + 0.4, 9.7 + 0.6, 6.5 + 0.8 and 5.3 + 0.5 MPa when at 21.3, 22.0, 23.5 and 24 V, respectively. The potential of 22.0 V was the optimum potential for ED in terms of good adhesion between the substrates and coatings.
Silver contents
The amount of silver in the coatings is one of the important factors that affect the coating properties. A high silver content leads to poor biocompatibility while a low silver content results in poor antibacterial properties. The appropriate silver content should be chosen to balance the biocompatibility and antibacterial properties of the coatings. We prepared 0.5 HA/Ag and 1 HA/Ag coatings and compared their antibacterial properties and biocompatibility with those of pure HA coatings. XRD analysis indicated that the phases of 0.5 HA/Ag and 1 HA/Ag were the same (figure 3). SEM observation revealed that Ag nanoparticles in 0.5 HA/Ag were less distinct than those in 1 HA/Ag (figure 4). EDS analysis indicated that the Ag contents in the 0.5 HA/Ag and 1 HA/Ag coatings were 6.7 and 14.8 wt%, respectively. EDS elemental mapping demonstrated the uniform distribution of Ag in the coatings ( figure 5 ).
Antibacterial properties of HA/Ag coatings were highly dependent on the silver content in the coatings. Antibacterial tests indicated that the 0.5 HA/Ag and 1 HA/Ag coatings exhibited distinct antibacterial effects on two types of bacteria at a high bacterial concentration. Electronic supplementary material, figure S3 shows the photographs of the spread plate method. For pure HA, a large number of colonies of two kinds of bacteria were found. Many colonies stacked together to form a bacterial lawn, and a layer of white sticky substance on the surface of the lawn was observed with the naked eye, which demonstrated that the metabolism of bacteria was exuberant. This indicated that pure HA coatings without any Ag did not possess antibacterial properties. For 0.5 HA/Ag, the number of bacterial colonies decreased remarkably compared with that of pure HA. Spots of the colony were sparsely dispersed on the culture medium substrate. For 1 HA/Ag, there was no colony formation, which indicated the complete inhibition of both bacteria. The bactericidal ability of HA/Ag coatings with different silver contents was also demonstrated by the film-adhering method. As shown in table 1, more than 90 per cent of E. coli and S. albus was killed after 12 h of incubation. Note that the bacterial concentration in the experiments was much higher than that encountered by biomaterials at surgical sites. Thus, the bactericidal ability of the as-prepared coatings could satisfy the requirement of clinic applications.
Culturing of osteoblasts on the coatings demonstrated that HA/Ag coatings had good biocompatibility. The SEM micrographs of osteoblasts on the coatings with different silver contents are shown in figure 6 . Cells started to adhere on the coatings after 1 day of culture and spread well after 7 days of culture, which revealed that the coatings were able to support adhesion and spreading of osteoblasts. The Alamar Blue assay indicated that cells on pure HA coatings had the highest proliferation rate, followed by 0.5 HA/Ag and 1 HA/ Ag after 3 days of culture (figure 7). After 7 days of culture, the inhibitory effect of 1 HA/Ag on cell proliferation became significant. Chen et al. [20] found that the silver-containing coatings with 5 wt% silver had no cytotoxicity, which was consistent with our results. In summary, HA/Ag coatings with low amounts of silver were more favourable for cell growth. The 0.5 HA/Ag coatings could be considered as the optimum that compromised cytocompatibility and antibacterial activity.
Heat treatments
SEM observation revealed that the coatings changed morphology after heat treatments and the coatings with heat treatments were much denser than those without heat treatments. The needle-like crystals showed a tendency to merge together after heat treatments at 7008C (electronic supplementary material, figure S4 ). Large crystals were observed in the coatings when the temperature was raised to 8008C. The coatings had pores at 9008C, which was probably due to the decomposition of coatings.
XRD analysis indicated phase transformation in the film after heat treatments (figure 8). The composite coatings sintered at 7008C exhibited typical HA diffraction peaks (211) (112) (300) in the range of 31.7 -338, which indicated that heat treatments improved the crystallinity of coatings. Compared with those without heat treatments, the spectra of the heat-treated coatings exhibited the weak peaks of b-tricalcium phosphate (b-TCP). As the temperature was raised to 8008C and 9008C, the peaks of b-TCP became stronger and sharper and the intensity of HA diffraction peaks became weaker. Diffraction peaks of CaO also appeared in the spectra when the coatings were sintered at 8008C and 9008C, which revealed that substantial HA phase had already transformed into b-TCP and CaO. Combining SEM and XRD analysis, we can conclude that the phase transition temperature of HA/Ag composite coatings is around 7008C. The tensile adhesive strength of coatings increased to 14.1 + 0.9 MPa after being heat-treated at 7008C, which indicated that heat treatment at the proper temperature was beneficial to the bonding between the coatings and substrates. The effect of heat treatments on the antibacterial effects of the coatings was evaluated by the comparison of the antibacterial effects of the heat-treated and untreated 0.5 HA/Ag as well as pure HA coatings. As indicated in table 1, the heat-treated coatings exhibited nearly the same bactericidal ability as the coatings without heat treatments, which suggested that heat treatments were not detrimental to the antibacterial properties of the coatings.
The effect of heat treatments on the biocompatibility of HA/Ag coatings was investigated by the comparison of cell behaviour of the heat-treated and untreated 0.5 HA/Ag as well as pure HA coatings. Figure 9 shows the morphology of osteoblasts on the heat-treated composite coatings after a different period of culture. The cells adhered and spread well on the surface of heattreated 0.5 HA/Ag coatings, and there was no significant difference between the cells on heat-treated ( figure 9 ) and untreated coatings (figure 6). Figure 10 shows the results of the Alamar Blue assay of osteoblasts on pure HA coatings, 0.5 HA/Ag with and without heat treatments. The cell proliferation rate of heat-treated HA/Ag coatings was nearly equal to that of pure HA coatings, and was higher than that of untreated HA/Ag coatings, which implied that the cytocompatibility of HA/Ag coatings was improved after heat treatments.
DISCUSSION
In recent years, there has been a tendency to develop composite coatings on Ti surfaces that are biocompatible, bioactive and antibacterial. HA has been proved to possess good biocompatibility as well as bioactive activity, can form a direct bonding with bone and has been used in orthopaedics and dentistry for nearly 20 years [33, 34] . Proteins, amino acids and other organic substances are absorbed by HA easily, which in turn favours the adsorption and colonization of bacteria on HA [35] . Silver-loaded HA has shown antibacterial effects, and also good osteoconduction [35] [36] [37] [38] . HA/Ag composite coatings are of special interest for biomaterial surface modification in order to achieve the dual aims of bacterial inhibition and enhancement of osteoblast functions. The uniform distribution of nano-sized Ag in the coatings is one of the critical factors determining the successful application of HA/Ag coatings. We employed the PED method to co-deposit HA and Ag simultaneously, which realized the uniform distribution of Ag. The key to success is to carefully adjust the composition of the electrolyte and the processing parameters to control the deposition rate of HA and Ag. The deposition rates of two phases in the composite coatings should match each other in order to obtain a uniform distribution. To solve this problem, cysteine is added into the electrolyte to work as the coordination agent to stabilize Ag ions. For HA deposition, OH 2 ions are produced by the electrolysis of H 2 O on the Ti cathode when a potential is applied (equation (4.1)), ð4:4Þ At the same time of HA formation, the reduction of silver ions (Ag þ ) in aqueous solution yields Ag:
Thus, HA and Ag co-deposit on the surface of Ti substrates and form HA/Ag composite coatings.
Cysteine is selected as the coordination agent, which plays an important role in the formation of nano-sized Ag [41] . Otherwise, only large particles of Ag instead of nanoparticles can be obtained. Cysteine is an inexpensive, simple and environmentally friendly thiol-containing amino acid, and has a strong affinity to metal ions to form metal -ligand complexes, which have been used to prepare inorganic nanocrystals [42, 43] . The key role of cysteine is schematically shown in figure 11 . Cysteine exists in solution in a partly ionized form (zwitterion) and contains electrondonor groups, -NH 2 , -COOH and -SH, which enable it to coordinate with Ag þ and form high-affinitive metal -ligand clusters. In the presence of excessive silver ions, there is a coordination and dissociation equilibrium in solution [43, 44] :
Before the reduction of Ag þ ions, the concentration of free Ag þ ions in the electrolyte is controlled by the above reaction; consequently, the reduction of Ag þ on the surface of the Ti cathode is maintained at a mild speed. After reduction, cysteine combines with Ag and forms Cys-capped Ag nanoparticles [41] . The electrostatic repulsive force of functional groups in cysteine prevents the aggregation of Ag nanoparticles, and therefore, a uniform distribution of Ag particles in the coatings is obtained [45] .
Heat treatment has two effects on HA/Ag composite coatings. First, it enhances the biocompatibility of the coatings. The Alamar Blue assay indicates that the coatings are more favourable for cell proliferation after heat treatments (figure 10). One possible reason is the phase change of the coatings after heat treatments. XRD analysis reveals that b-TCP appears in the coatings after heat treatments (figure 8), which is due to the decomposition of HA according to the following equation:
Ca 10 ðPO 4 Þ 6 ðOHÞ 2 ¼ 3Ca 3 ðPO 4 Þ 2 þ CaO þ H 2 O: ð4:7Þ Pure HA is stable until 13008C, whereas it decomposes at 7008C with the existence of Ag nanoparticles. Our results are consistent with Rameshbabu's reports and Ag probably plays a role as a catalyst and lowers the thermal stability of HA [35] . b-TCP is a bioresorbable ceramic, and it degrades faster than HA in a physiological environment. The degraded products of TCP are calcium and phosphate ions, which will affect the initial stage behaviour of cells [33] .
The second effect of heat treatments is the increase in the adhesive strength of the coatings. Generally speaking, the adhesive strength of Ca-P coatings formed by ED is rather low. In our previous study, tensile tests show that the adhesive strength of pure octacalcium phosphate (OCP) coatings formed by ED is only 1.3 + 0.3 MPa, while OCP/chitosan composite coatings have the adhesion strength of 7.1 + 1.9 MPa [46] . In this study, the adhesive strength of HA/Ag coatings is 9.7 + 0.6 MPa before heat treatments and is raised to 14.1 + 0.9 MPa after heat treatments, which suggests that silver is beneficial for the improvement of the adhesion between the coatings and Ti substrates. It has been reported that silver can reinforce sintered HA by taking advantage of the ductility of silver, according to the crack-bridging mechanism operated by the elasto-plastic stretching of unbroken silver ligaments along the crack wake [47] . Based on experimental results and the literature, it can be speculated that a portion of silver melts during heat treatments and works as an agglutinant in the film, just as chitosan in OCP/chitosan composite coatings. In summary, heat treatments promote the adhesive strength and enhance the biocompatibility without sacrificing antibacterial properties of the coatings.
CONCLUSIONS
PED is an effective method for preparing HA/Ag composite coatings with a uniform distribution of silver in them. The preferable conditions of PED are: pulsed voltage, 22 V; Ag þ concentration, 0.5 mmol
21
; the ratio of Ag/cysteine, 2 : 1. The HA/Ag coatings prepared by PED have good biocompatibility and antibacterial properties. The tensile adhesive strength of HA/Ag coatings can be enhanced by heat treatments, which improve cytocompatibility without compromising the bactericidal ability of HA/Ag coatings.
